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METHOD FOR FREQUENCY LOCKING
ONTO A PILOT REFERENCE SIGNAL
AFFECTED BY MULTIPATH FADING

FIELD OF THE INVENTION

This invention relates in general to radio receivers, and
more specifically to radio receivers that frequency lock to a
pilot reference signal affected by multipath fading.

BACKGROUND OF THE INVENTION

Radio receivers applying conventional frequency-locked
loops that utilize pilot-aided linear modulation schemes
demand a very accurate conventional local oscillator for
mixing down AM signals that include a pilot reference
signal. Without an accurate local oscillator, the performance
of the radio receiver may be degraded significantly such that
a message received by the radio receiver may be distorted to
a point of unintelligibility.

In situations where noise distortion is minimal, the
required accuracy of the local oscillator is relaxed. In this
case a conventional oscillator provides adequate means for
receiving messages without much degradation.

However, when a transmitted AM signal is distorted by,
for example, fast Rayleigh fading the accuracy necessary of
the local oscillator to receive the AM signal with minimal
distortion is impracticable. For AM signals that include
single-sideband voice messages, fast Rayleigh fading can
result in an undesirable quality of voice message reception
that may not conform with customer expectations.

Thus, what is necded is a method and apparatus that can
frequency lock onto a pilot reference signal affected by
multipath fading. In particular, the method must be efficient
in its use of hardware resources in order to minimize power
consumption, and must achieve frequency lock in a reason-
able time.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an electrical block diagram of an AM demodu-
lator according to the present invention;

FIG. 2 is a spectral density diagram of a pilot reference
signal and accompanying message sidebands affected by 60
mile per hour (mph) Rayleigh fading;

FIG. 3 is a diagram of a theoretical probablhty density
function p(e) of an instantancous frequency shift § versus a
simulated FM distribution of f, in 60 mph fading with zero
frequency offset;

FIG. 4 is a simulated probability density diagram of a
weighted average of 800 instantaneous frequency samples
derived from the pilot reference signal over a 125 millisec-
ond time interval at 6400 Hz;

FIG. § is a simulated probability density diagram of the
weighted average of 25 instantaneous frequency samples
derived from the pilot reference signal over a 125 millisec-
ond time interval at a decimated rate of 200 Hz;

FIG. 6 is a sample function diagram of an automatic
frequency control update process for a pilot reference signal
affected by 60 mph Rayleigh fading with 100 Hz frequency
offset over a plurality of predetermined time intervals; and

FIG. 7 is a flow chart summarizing the method applied by
the AFC according to the present invention.

FIG. 8 is an electrical block diagram of a radio receiver
that uses automatic frequency control for locking a con-
trolled reference signal to the pilot reference signal accord-
ing to the present invention.
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DESCRIPTION OF THE PREFERRED
EMBODIMENT

FIG. 1is an electrical block diagram of an AM demodu-
lator 100 according to the present invention. The AM
demodulator 100 is utilized for demodulating an AM signal
104 that has been distorted by multipath fading. The AM
signal 104 includes a pilot reference signal and single-side
band information that has been distorted by. for example.
fast Rayleigh fading (at, e.g., 60 miles per hour at a carrier
frequency of 900 MHz). The pilot reference signal is used by
the AM demodulator 100 for frequency locking onto the AM
signal 104 and for canceling the distortion caused by fast
Rayleigh fading.

To accomplish this process, the AM demodulator includes
an automatic frequency controller (AFC) 102. a group delay
element 122, and a signal divider 126. The AFC 102 is used
for frequency locking the AM demodulator 100 with the
pilot reference signal. Once the AM demodulator 100 is
frequency locked to the pilot reference signal, the signal
divider 126 is used for dividing out the distortion caused by,
for example, fast Rayleigh fading.

To lock the AM demodulator 100 to the pilot reference
signal, the AFC 102 includes a mixer 106, a pilot filter 112,
an AFC tuner 116, and a controlled oscillator 120. The
elements of the AFC 102 are, for example, implemented
with conventional digital circuits, and operate at a predeter-
mined sampling rate. For the purpose of illustration, the
predetermined sampling rate of the elements of the AFC 102
operate at 6400 Hz. It will be appreciated that other sam-
pling rates may be used as well. It will be further appreciated
that, alternatively, the elements of the AFC 102 can be
implemented with analog circuits.

The demodulation process begins by receiving the AM
signal 104 at the mixer 106 which is referenced by a
controlled reference signal 108 (operating at a controlled
frequency) for generating a baseband signal 110. The base-
band signal 110 is coupled to the pilot filter 112 which
selectively filters the baseband signal 110 to extract the pilot
reference signal 114. The AFC tuner 116 then samples the
pilot reference signal 114 over a predetermined time
interval, e.g., 125 milliseconds (ms), to determine an aver-
age pilot frequency. A first weighting function is then
applied to the average pilot frequency to generate a weighted
pilot frequency. Similarly. a second weighting function is
applied to the controlled frequency to generate a weighted
controlled frequency. The weighted pilot frequency is then
summed with the weighted controlled frequency to provide
an update frequency. The first weighting function is selected
such that subsequent samples of the average pilot frequency
determined from subsequent predetermined time intervals
contribute less to a change in the update frequency than
contributions made by prior samples of the average pilot
frequency. The update frequency is used to modify the
controlled reference signal 108 by way of an AFC control
signal 118 such that its frequency matches the update
frequency.

Once the controlled reference signal 108 has been
updated, the AM signal 104 is again processed by the AFC
102 over a subsequent predetermined time interval. The
updating process continues indefinitely so as to frequency
lock the controlled reference signal 108 to the pilot reference
signal 114.

The distortion of the AM s1gnal 104 follows the equation
r(t)=E(t)e’*@s(t), wherein r(t) is a complex envelope repre-
sentation of the AM signal 104 received by the AM demodu-
lator 100 with fast Rayleigh fading distortion, s(t) is the
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complex envelope representation of the AM signal 104
initially transmitted without the effect of fast Rayleigh
fading. E(t) is the Rayleigh distribution envelope, and 6(t) is
a uniformly distributed phase shift. The product of E(t)e’*®
with s(t) creates the fast Rayleigh fading distortion.

To remove fast Rayleigh fading distortion. the signal
divider 126 uses a complex divider to divide out the complex
envelope factor E(t ™ from r(t). In order to synchronize
the inputs to the signal divider 126, the group delay clement
122 accounts for the delay in the pilot reference signal 114
caused by the pilot filter 112 by generating a delayed AM
signal 124. The signal divider 126 divides out the distortion
term B(t)e®® from the delayed AM signal 124, thereby
generating a filtered AM signal 128 substantially equal to the
undisturbed AM signal s(t). Note the slash 2°s across each
signal line of the elements of the AM demodulator 100
represent a real and imaginary part of a signal on that line.

FIG. 2 is a spectral density diagram 200 of the pilot
reference signal 114 and accompanying message sidebands
affected by 60 mph Rayleigh fading. The solid curve rep-
resents the AM signal 104 affected by 60 mph Rayleigh
fading with a frequency offset of 40 Hz. The dashed curve
204 represents a frequency response of the pilot filter 112,
which operates as a low pass filter centered at DC. The AM
signal 104 includes a pilot reference signal and two side-
bands which have been distorted by 60 mph Rayleigh
fading. The middle portion of the AM signal 104 which
looks like a concave signal connected to two sidebands is the
distorted pilot reference signal. In this example, the pilot
reference signal 114 is offset by 40 Hz from the center of the
passband of the pilot filter 112. The purpose of the AFC 102
is to center (i.e.. lock) the pilot reference signal 114 to the
pilot filter 112, thereby selectively filtering out the pilot
reference signal 114 that has been distorted by fist Rayleigh
fading without additional distortion from the sidebands, and
without undesired attenuation of the pilot reference signal
114.

In order for the AFC 102 to be capable of frequency
locking to the AM signal 104, it must be able to make an
estimate of the offset frequency of the pilot reference signal
114. To make this estimate. a plurality of instantaneous
frequency samples of the pilot reference signal are deter-
mined.

The theoretical instantaneous frequency shift ©
(derivative of instantaneous phase) introduced by the Ray-
leigh fading process follows the probability density function

()]

p(6) =

wherein @, is the Doppler frequency and is given by
o 2nf F2mvics,,

wherein f, is the carmrier frequency of, e.g., the AM signal
104, v is the fading velocity, and c is the speed of light.

The theoretical instantaneous frequency 0 can be approxi-
mated by a discrete-time instantaneous frequency function
that is derived by letting the pilot reference signal 114
generated by the pilot filter 112 follow the complex envelope
sequence X, +jy,. wherein n is a positive integer greater than
zero representing an nth sample of the pilot reference signal
114. Taking the derivative of the phase of this sequence is
approximated by the equation
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YnXn-1 = Xn¥n-1
i+t

h=

wherein £, is an instantaneous frequency of the nth sample
of the pilot reference signal 114, and f, is a predetermined
sampling rate. This equation is simply a cross-multiplying
and differentiating frequency discriminator. In Rayleigh
fading, this signal exhibits the properties of random FM and
has the same probability density as that given above (i.e.. p(

0)).

FIG. 3 is a diagram 300 of a theoretical probability
density function p(é) of an instantaneous frequency shift
6 versus a simulated FM distribution of f,, in 60 mph fading
with zero frequency offset. Note that this distribution spans
an infinite range, even though the power spectral density is
confined to +w, The dashed curve 302 is the theoretical
probability density function p(6). and the rectangular bars
represent datum points of the simulated FM distribution of
f. As is evident, the simulated frequency distribution sub-
stantially approximates the theoretical frequency distribu-
tion. Hence, the discrete-time instantaneous frequency equa-
tion f, provides an accurate approximation of the
instantaneous frequency of the pilot reference signal 114.

It follows from these results that from the 6400 Hz
samples generated by the pilot filter 112, a noisy estimate of
the frequency offset of the pilot reference signal 114 may be
determined by discriminating the samples. However, it is
undesirable to update the AFC control signal 118 at such a
high rate. The pilot filter 112 is a narrowband filter with a
large group delay of, e.g., 96 samples at 6400 Hz. If this
delay is not compensated before the next update of the AFC
control signal 118, oscillations will occur in the AFC 102. In
addition, since fast updates are usually noisy updates, large
spurs can occur in the output of the controlled oscillator 120
at multiples of the rate of updating the AFC control signal
118, and the performance could actually worsen. It is
desirable that the update interval encompass several fades in
order to average out the random FM distribution shown in
FIG. 2. For this reason, a predetermined time interval of, for
example, 125 ms (800 samples @6400 Hz) is used.

Large excursions in the instantaneous frequency offset
measurements of f, are usually associated with low signal
amplitudes. That is, when the AM signal 104 goes into a
deep fade, it is more likely that a highly erroneous mea-
surement will be made. For this reason, the AFC tuner 116
determines the average pilot frequency from an average of
a piurality of instantaneous frequency samples derived from
the pilot reference signal 114 during the predetermine time
interval (e.g., 125 ms) at the predetermine sampling rate
(e.g., 6400 Hz).

The plurality of instantaneous frequency samples is pref-
erably calculated as a weighted average of the plurality of
instantaneous frequency samples, thereby reducing the
effect of emroneous noise from samples of the plurality of
instantaneous frequency samples. i a weighted average of
the plurality of instantaneous frequency samples is used.
then each instantaneous frequency measurement is weighted
according to an instantaneous pilot signal power and the
estimate becomes
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wherein T and K are positive integers greater than zero,
wherein T is greater than K. and wherein T is less than or
equal to a total number of instantaneous frequency samples
available from the pilot reference signal during the prede-
termined time interval at the predetermined sampling rate.
For a sampling rate of 6400 Hz and a predetermined time
interval of 125 ms, the summation factors are, for example,
K=0 and T=799, i.e., 800 instantaneous frequency samples
weighted over a 125 ms interval. However, it is preferable
that the group delay of the pilot filter 112 be compensated
before calculating the weighted average of the plurality of
instantaneous frequency samples. To accomplish this, K is
set equal to, for example 96 samples to account for the group
delay of the pilot filter 112.

FIG. 4 is a simulated probability density diagram 400 of
a weighted average of 800 instantaneous frequency samples
derived from the pilot reference signal 114 over a 125 ms
time interval at 6400 Hz. The simulated distribution of the
weighted average is for 60 mph fading. This distribution is
significantly tighter than the distribution of FIG. 3. In fact,
the weighted average shows that the distribution has 90%
confidence (i.e.. concentration) over a +18 Hz range 402,
404.

The autocorrelation of the random fading process is
approximately limited in lag-time to one over twice the
Doppler frequency, i.e., 1/(2f ). In other words. most of the
information in the 800 discriminator samples @6400 Hz is
redundant due to the high correlation between samples.
Hence. the weighted average of 800 instantaneous frequency
samples can be reduced with negligible loss to accuracy. It
follows then that a down-sampled weighted average of the
plurality of instantaneous frequency samples follows the
expression

R
L YLwXLn-L =X
fy nep b/ L= XLn¥in-1

Jou ==

R
Z intAa
n=P

wherein R and P are positive integers greater than zero, and
wherein R is greater than P. The constant R is also less than
a total number of instantaneous frequency samples available
from the pilot reference signal 114 during the predetermined
time interval at the predetermined sampling rate. The factor
L is a predetermined decimation factor of the total number
of instantaneous frequency samples.

In the present example, L is set to 32, Pis set to 0, and R
is set to 24. These settings represent a weighted average over
25 discriminator samples where 200 Hz is the decimated
sampling frequency over a 125 ms time interval. Note that,
even though the down-sampled weighted average is being
computed one out of every 32 discriminator samples, the
differentiator is still computed at the high sampling rate of
6400 Hz. This is necessary in order to ensure linearity in the
discriminator.

FIG. 5 is a simulated probability density diagram of the
weighted average of 25 instantaneous frequency samples
derived from the pilot reference signal 114 over a 125
millisecond time interval at a decimated rate of 200 Hz. Note
that this estimate has substantially the same distribution 406,
408 as that shown in FIG. 4 using 800 samples, thus

10

15

20

25

35

45

50

55

65

6

illustrating the efficient nature of this down-sampled esti-
mate which exploits the autocorrelation function of the
fading. It will be appreciated that, alternatively. P can be set
to 3 rather than 0 in order to compensate, for example, a 96
sample group delay of the pilot filter 112 prior to updating
the AFC control signal 118.

The following equation summarizes the weighted average
of the plurality of instantaneous frequency samples over a
plurality of predetermined time intervals

mN/L

z
n={KH{m-1)NYL]
mN7L

n=[(K+(r§—1)N)/L]

YLoXLn—| — XLnYLn1
S

I =

Yot Hn

wherein fmm-. is the mth weighted average of the plurality of
instantaneous frequency samples over the mth predeter-
mined time interval, N is the total number of samples in an
mth predetermined time interval, K is the number of samples
that account for the group delay of the pilot filter 112, and
m is a positive integer greater than zero.

For example, let the pilot filter 112 have a group delay of
96 samples (i.e., K=96), the predetermined time interval be
125 ms at a sampling rate of 6400 Hz (i.e., N=800 samples),
and the weighted average function be down sampled by 32
samples (i.e., L=32). The weighted average function
becomes

2§m
N i
f"'ﬂﬂ= N ng P
=3 H(m-1y25 2 B

Hence, for m=1, the summation begins at the 96th sample
(i.e., 32x3) and continues every other set of 32 samples until
the 800th sample. For m=2, the summation begins at the
896th sample and ends at the 1600th sample, and so on.

The update strategy used for automatic frequency control
is based on the down-sampled weighted average described
above. The update is made, for example, once every 125 ms
interval, i.e., at a rate of 8 Hz. It is important that the closed
loop scheme be fast, but it should also have a small
steady-state jitter. The update strategy assumes that the
frequency offset is constant during the course of the AM
signal 104 reception. Letting u,, , be the current controlled
frequency of the controlled reference signal 108, the update
frequency becomes

1
"ru:“m—l"’(;' .f"'avg ) s

wherein m is a positive integer greater than zero, and
wherein the factor 1/m-f,, is derived from a first weighting
function of 1/m applied to"f,,, . an mth weighted average of
the plurality of instantaneous frequency samples. Note that
the current controlled frequency u,, , is weighted by a
second weighting function equal to unity. It will be appre-
ciated that the first and second weighting functions can use
other suitable functions.

Thus, the update frequency u,, is an mth update frequency
of the controlled oscillator 120 based on f,, weighted by
1/m calculated over an mth predetermined time interval of
the pilot reference signal 114. From the equation for the
update frequency u,,. it is evident that the current controlled
frequency u,, ; is given more weight than f”'m' Moreover,
the first weighting function 1/m attenuates the contribution
of f"‘m as more updates are calculated over subsequent
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predetermined time intervals, Over an infinite time period
this factor becomes zero. Hence, the first weighting function
1/m assumes that the frequency offset of the pilot reference
signal 114 is constant. This weighting scheme is used to
reduce the effect of erroneous frequency offset estimates,
thereby providing minimal steady-state jitter.

FIG. 6 is a sample function diagram 500 of the automatic
frequency control update process for the pilot reference
signal 114 affected by 60 mph Rayleigh fading with 100 Hz
frequency offset over a plurality of predetermined time
intervals. Note from the curve 502 that by the first prede-
termined time interval (at intervals of 125 ms), the con-
trolled oscillator 120 has been updated to a controlled
frequency within 30 Hz of the offset frequency of the pilot
reference signal 114. By the sixth predetermine time
interval, the AFC 102 has locked to the pilot reference signal
114 with approximately a steady-state jitter of 2 Hz.

FIG. 7 is a flow chart 600 summarizing the method
applied by the AFC 102 according to the present invention.
The flow chart 600 begins with step 602 where the AFC 102
receives the AM signal 104 from, for example, a conven-
tional receiver that demodulates a selective call signal from
a radio communication system. In step 604 the mixer 106 is
used for mixing the AM signal 104 with the controlled
reference signal 108 to generate a baseband signal 110. The
baseband signal 119 is thereafter filtered by the pilot filter
112 to extract the pilot reference signal 114 in step 606. In
step 608 the AFC tuner 116 samples the pilot reference
signal 114 over the predetermined time interval of, for
example, 125 ms to determine an average pilot frequency.
The average pilot frequency is preferably determined from
the expression

R

)2 - X
£ nep YL L1 XLnYLn-1

o=~

R
L %ntiEa
n=P

described above. For a plurality of predetermined time
intervals, the average pilot frequency follows the expression

mN/L

z
n={(K+Hm-1)NYL]
mN/L

z
a=[(K+(m-1)NY/L]

YLAXLn-| — XLnaYLm-1
__f

Iravg = 3w

)'zbn +"%.on

In step 610 the AFC tuner 116 applies a first weighting
function to the average pilot frequency, wherein the first
weighting function applied to the average pilot frequency is
equal to 1/m-f,, . to generate a weighted pilot frequency. A
second weighting function, that is preferably equal to unity,
is applied to the controlled frequency to generate a weighted
controlled frequency. In step 612 the weighted pilot fre-
quency and the weighted controlled frequency are combined
together to provide an update frequency that preferably is
determine from the expression

1
“m=“m-l+(7 'fm“') B

In step 614 the controlled reference signal 108 is modified
such that its frequency is made to match the update fre-
quency u,,. The AFC tuning process continues from step 602
where a subsequent predetermined interval is processed as
described above. This process continues repeatedly so as to
lock the controlled reference signal 108 to the pilot reference
signal 114.
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FIG. 8 is an electrical block diagram of a radio receiver
700 that uses automatic frequency control for locking the
controlled reference signal to the pilot reference signal 114
according to the present invention. The radio receiver 700
receives selective call signals, composed of selective call
messages. transmitted by a radio communication system
(not shown) using techniques well known in the art. The
selective call messages are originated by a caller who
communicates with the radio communication system in a
conventional manner to send messages intended for the user
of the radio receiver 700.

The radio receiver 700 comprises a receiver antenna 702,
a receiving circuit 704, a power switch 706, a processing
system 708, user controls 718, an alerting device 716, and a
user interface 714.

The receiver antenna 702 is coupled to the receiving
circuit 704 for receiving the selective call signal transmitted
by the radio communication system. The selective call signal
is an AM signal including a pilot reference signal such as the
one described above. The receiving circuit 704 is also
coupled to the power switch 706. The power switch 706
utilizes a conventional circuit element such as, for example,
a MOS switch for shutting down power to the receiving
circuit 704. Operation of the power switch 706 is controlled
by the processing system 708, which determines particular
moments during the decoding process of the selective call
signal when shutdown of the receiving circuit 704 is appro-
priate for providing a conventional battery saving function.

The processing system 708 controls the overall operations
of the radio receiver 700. One such operation is the opera-
tion of locking the radio receiver 700 to the AM signal. This
operation is accomplished by sampling the output of the
receiving circuit 704 with, for example, a conventional
analog-to-digital converter (not shown). and processing the
samples by way of the elements of the processing system
708 which perform the function of the AM demodulator 100
described above.

The elements of the processing system 708 include a
microprocessor 710, and a memory 712. The microprocessor
710 is similar to the M68HCO8 micro-controller manufac-
tured by Motorola, Inc. It will be appreciated that other
similar processors can be utilized for the microprocessor
710, and that additional processors of the same or alternative
type can be added as required to handle the processing
requirements of the microprocessor 710. It will be further
appreciated that, alternatively, the AM demodulator 100 can
be an application specific integrated circuit (ASIC) that can
perform the same AFC functions described above.

The memory 712 includes, for example, a conventional
random acocess memory (RAM), and a conventional read-
only memory (ROM). The RAM is used for storage and
processing of, for example, instantaneous frequency
samples of the pilot reference signal 114. The ROM section
is used for storage of the imstructions that control the
operation of the processing system 708. It will be appreci-
ated that other types of memory may be used such as, for
example, FLASH memory. It will be further appreciated that
the memory 712, singly or in combination. can be an integral
portion of the microprocessor 710.

During message reception. the microprocessor 710 is
preferably programmed to accomplish the task of the AM
demodulator 100, i.e., process samples from the selective
call signal in a manner that locks the radio receiver 700 with
the pilot reference signal 114. It will be appreciated that,
alternatively, the AM demodulator 100 can be implemented
with conventional digital logic that performs the functions of
the AM demodulator 100 described above. It will be further
appreciated that a digital implementation of the AM
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demodulator 100 can be an integral element of the process-
ing system 708, or an ASIC device coupled to the processing
system 708.

Once the radio receiver 700 is frequency locked to the
pilot reference signal 114, the microprocessor 710 then
decodes a selective call address from the selective call
message., compares the decoded selective call address with
one or more of the selective call addresses stored in the
memory 712, and when a match is detected, proceeds to
process the remaining portion of the selective call message.

After the processing system 708 has processed the selec-
tive call message, the selective call message is stored in the
memory 712, and a call alerting signal is generated to alert
a user that the selective call message has been received. The
call alerting signal is directed to a conventional audible or
tactile alerting device 716 for generating an audible or tactile
call alerting signal. The selective call message can be
accessed by the user through user controls 718, which
provide functions such as lock, unlock, delete, read, etc.
More specifically, by the use of appropriate functions pro-
vided by the user controls 718, the message is recovered
from the memory 712, and then displayed on the user
interface 714. The user interface 714 is a conventional
display such as, for example, a liquid crystal display (LCD)
used for conveying the information included in the selective
call message to the user.

The present invention provides a novel method for lock-
ing a controlled reference signal 108 to a pilot reference
signal 114 that has been distorted by, for example, fast
Rayleigh fading. In particular, the present invention pro-
vides an accurate estimate of the average frequency of the
pilot reference signal 114 by calculating a weighted average
of a plurality of instantancous frequency samples of the pilot
reference signal 114. By weighting the average of a plurality
of instantaneous frequency samples, the effects from erro-
neous samples is reduced. Moreover, by down-sampling the
pilot reference signal 114 the number of calculations made
by the processing system 708 is minimized, thereby improv-
ing the overall battery life of the radio receiver 700.

What is claimed is:

1. In a radio receiver that uses automatic frequency
control, a method for locking a controlled reference signal to
a pilot reference signal that has been distorted by multipath
fading, comprising:

(a) receiving a signal from a radio communication system,

wherein the signal includes the pilot reference signal;

(b) mixing the signal with the controlled reference signal
to generate a bascband signal, wherein the controlled
reference signal operates at a controlled frequency;

(c) filtering the baseband signal to extract the pilot refer-
ence signal;

(d) sampling the pilot reference signal over a predeter-
mined time interval to determine an average pilot
frequency;

(e) applying a first weighting function to the average pilot
frequency to generate a weighted pilot frequency. and
a second weighting function to the controlled frequency
to generate a weighted controlled frequency;

(f) summing the weighted pilot frequency with the
weighted controlled frequency to provide an update
frequency;

(g) modifying the controlled reference signal such that its
frequency matches the update frequency; and

(h) repeating steps (a) through (g) so as to lock the
controlled reference signal to the pilot reference signal.

2. A method as set forth in claim 1, wherein the first
weighting function is selected such that subsequent samples
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of the average pilot frequency determined from subsequent
predetermined time intervals contribute less to a change in
the update frequency than contributions made by prior
samples of the average pilot frequency.

3. A method as set forth in claim 1, wherein the first
weighting function applied to the average pilot frequency is
equal to 1/m-f,, , wherein m is a positive integer greater
than zero, and wherein Tm corresponds to an mth weighted
average of a plurality of ‘Tnstantaneous frequency samples
calculated over an mth predetermined time interval of sam-
pling the pilot reference signal.

4, A method as set forth in claim 1, wherein the average
pilot frequency is determined by calculating an average of a
plurality of instantaneous frequency samples derived from
the pilot reference signal during the predetermined time
interval at a predetermined sampling rate.

5. A method as set forth in claim 4, wherein the average
of the plurality of instantaneous frequency samples is cal-
culated as a weighted average of the plurality of instanta-
neous frequency samples, thereby reducing an effect of
erroneous noise from samples of the plurality of instanta-
neous frequency samples.

6. A method as set forth in claim 5, wherein the weighted
average of the plurality of instantaneous frequency samples
is equal to

T
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n=Ky"

wherein T and K are positive integers greater than zero,
wherein T is greater than K. wherein T is less than or
equal to a total number of instantaneous frequency
samples available from the pilot reference signal during
the predetermined time interval at the predetermined
sampling rate, and
wherein the first weighting function applied to the average
pilot frequency is equal to 1/m-f,, . wherein m is a
positive integer greater than zero, “and wherein Fom
corresponds to an mth weighted average of the plurahty
of instantaneous frequency samples calculated over an
mth predetermined time interval of sampling the pilot
reference signal.
7. A method as set forth in claim 5. wherein the weighted
average of the plurality of instantaneous frequency samples
is equal to
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wherein R and P are positive integers greater than zero,
wherein R is greater than P, wherein R is less than a
total number of instantaneous frequency samples avail-
able from the pilot reference signal during the prede-
termined time interval at the predetermined sampling
rate, wherein L is a predetermined decimation factor of
the total number of instantaneous frequency samples,
and

wherein the first weighting function applied to the average
pilot frequency is equal to 1/m-f,, s’ wherein m is a
positive integer greater than zero, and wherein f,,
corresponds to an mth weighted average of the plura.hty
of instantaneous frequency samples calculated over an
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mth predetermined time interval of sampling the pilot

reference signal.

8. In a radio receiver that uses automatic frequency
control, a method for locking a controlled reference signal to
a pilot reference signal that has been distorted by multipath
fading, comprising:

(a) receiving a signal from a radio communication system,

wherein the signal includes the pilot reference signal;

(b) mixing the signal with the controlled reference signal
to generate a baseband signal, wherein the controlled
reference signal operates at a controlled frequency;

(c) filtering the baseband signal to extract the pilot refer-
ence signal;

(d) sampling the pilot reference signal over a predeter-
mined time interval to determine an average pilot
frequency;

(e) applying a first weighting function to the average pilot
frequency to generate a weighted pilot frequency, and
a second weighting function to the controlled frequency
to generate a weighted controlled frequency;

(f) summing the weighted pilot frequency with the
weighted controlled frequency to provide an update
frequency, wherein the first weighting function is
selected such that subsequent samples of the average
pilot frequency determined from subsequent predeter-
mined time intervals contribute less to a change in the
update frequency than contributions made by prior
samples of the average pilot frequency;

(g) modifying the controlled reference signal such that its
frequency matches the update frequency; and

(h) repeating steps (a) through (g) so as to lock the
controlled reference signal to the pilot reference signal.

9. A radio receiver that uses automatic frequency control
for locking a controlled reference signal to a pilot reference
signal that has been distorted by multipath fading, the radio
receiver comprising:

a processing system for directing operations of the radio

receiver;

a receiving circuit for receiving a signal from a radio
communication system., wherein the signal includes the
pilot reference signal;

a controlled oscillator for generating the controlled ref-
erence signal operating at a controlled frequency;

a mixer for mixing the signal with the controlled reference
signal to generate a baseband signal;

a pilot filter coupled to the processing system for filtering
the baseband signal to extract the pilot reference signal;
and

wherein the processing system is programmed to
(a) sample the pilot reference signal over a predeter-

mined time interval to determine an average pilot
frequency,

(b) apply a first weighting function to the average pilot
frequency to generate a weighted pilot frequency,
and a second weighting function to the controlled
frequency to generate a weighted controlled
frequency,

(c) sum the weighted pilot frequency with the weighted
controlled frequency to provide an update frequency,

(d) modify the controlied reference signal such that its
frequency matches the update frequency, and

(e) repeat steps (a) through (d) so as to lock the
controlled reference signal to the pilot reference
signal.

10. The radio receiver as set forth in claim 9. wherein the
processing system is programmed to determine the average
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pilot frequency by calculating an average of a plurality of
instantaneous frequency samples derived from the pilot
reference signal during the predetermined time interval at a
predetermined sampling rate.

11. The radio receiver as set forth in claim 10, wherein the
processing system is programmed to determine the average
of the plurality of instantaneous frequency samples as a
weighted average of the plurality of instantaneous frequency
samples, thereby reducing an effect of erroneous noise from
samples of the plurality of instantancous frequency samples.

12. The radio receiver as set forth in claim 11, wherein the
processing system is programmed to determine the weighted
average of the plurality of instantaneous frequency samples
in accordance with
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wherein R and P are positive integers greater than zero,
wherein R is greater than P, wherein R is less than a
total number of instantaneous frequency samples avail-
able from the pilot reference signal during the prede-
termined time interval at the predetermined sampling
rate, wherein L is a predetermined decimation factor of
the total number of instantaneous frequency samples,
and

wherein the first weighting function applied to the average
pilot frequency is equal to I/m-f,, , wherein m is a
positive integer greater than zero, ‘and wherein f,, .
corresponds to an mth weighted average of the plurah'tvgr
of instantaneous frequency samples calculated over an
mth predetermined time interval of sampling the pilot
reference signal.

13. A radio receiver that uses automatic frequency control
for locking a controlled reference signal to a pilot reference
signal that has been distorted by multipath fading, the radio
receiver comprising:

a processing system for directing operations of the radio

receiver;

a receiving circuit for receiving a signal from a radio
communication system, wherein the signal includes the
pilot reference signal;

a controlled oscillator for generating the controlled ref-
erence signal operating at a controlled frequency;

a mixer for mixing the signal with the controlled reference
signal to generate a baseband signal;

a pilot filter coupled to the processing system for filtering
the baseband signal to extract the pilot reference signal;
and

wherein the processing system is programmed to
(a) sample the pilot reference signal over a predeter-

mined time interval to determine an average pilot

frequency,

wherein the average pilot frequency is determined by
calculating an average of a plurality of instanta-
neous frequency samples derived from the pilot
reference signal during the predetermined time
interval at a predetermined sampling rate, and

wherein the average of the plurality of instantaneous
frequency samples is calculated as a weighted
average of the plurality of instantancous fre-
quency samples, thereby reducing an effect of
erroneous noise from samples of the plurality of
instantaneous frequency samples,
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(b) apply a first weighting function to the average pilot wherein R and P are positive integers greater than zero,
frequency to generate a weighted pilot frequency, wherein R is greater than P, wherein R is less than a

and a second weighting function to the controlled

frequency to generate a weighted controlled total number of instantaneous frequency samples avail-

frequency, 5 able from the pilot reference signal during the prede-
(c) sum the weighted pilot frequency with the weighted termined time interval at the predetermined sampling

controlled frequency to provide an update frequency. rate, wherein L is a predetermined decimation factor of
(d) modify the controlled reference signal such that its * pr

frequency matches the update frequency, and the total number of instantaneous frequency samples,

(e) repeat steps (a) through (d) so as to lock the 10 and
controlled reference signal to the pilot reference
signal, wherein the first weighting function applied to the average
14. The radio receiver as set forth in claim 13, wherein the pilot frequency is equal to 1/m-f,, . wherein m is a
processing system is programmed to determine the weighted -
average of the plurality of instantaneous frequency samples 15
in accordance with

positive integer greater than zero, and wherein T
corresponds to an mth weighted average of the plurality
of instantaneous frequency samples calculated over an
P ngP VLAt — KLYt mth predetermined time interval of sampling the pilot

T ; reference signal.

fnvc = R
3 St 2
n=P




